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Right-handed (RH) Majorana neutrinos play a crucial role in understanding the origin of neutrino
mass, the nature of dark matter and the mechanism of matter-antimatter asymmetry. In this work,
we investigate the observability of heavy RH Majorana neutrino through the top quark neutrinoless
double beta decay process t → bℓ+ℓ+jj′ (ℓ = e, µ) at hadron colliders. By performing detector
level simulation, we demonstrate that the heavy neutrinos with the mixing parameters |VeN,µN |
2 &
5× 10−6 in the mass range of 15 GeV < mN < 80 GeV can be excluded at 2σ level at 13 TeV LHC
with the luminosity of 36 fb−1, which is stronger than other existing collider bounds. The future
HL-LHC will be able to further probe the mixings |VeN,µN |
2 to about 1.4 × 10−6.
INTRODUCTION
The discovery of neutrino oscillations in solar, atmo-
spheric, reactor and accelerator experimental data indi-
cates that neutrinos are massive and mixed [1]. This
stands for a robust evidence for new physics beyond the
Standard Model (SM). By introducing heavy RH neutri-
nos with GUT-scale masses, the sub-eV Majorana neutri-
nos mass can be generated via the elegant seesaw mech-
anism [2–12], which naturally links the tiny neutrino
masses with new physics at the GUT-scale.
Among various seesaw models, the Type-I seesaw ex-
tension of the SM is the simplest version, in which three
singlet RH neutrinos (NRα) are included [2–5]. The full
mass term of neutrinos can be written as,
−LM = yiαL¯LiΦ˜NRα + 1
2
(MN )αβN¯
C
RαNRβ +H.c. , (1)
where i = 1, 2, 3 is the generation index and α = e, µ, τ is
the RH neutrino flavor index. After the electroweak sym-
metry breaking, the neutrino mass matrix in the flavor
basis {νCLi, NRα} is given by,
Mν =
(
0 MD
MTD MN
)
. (2)
The diagonalization of Eq. 2 lead to the mixing between
light and heavy neutrinos. Then, the light-flavor neutri-
nos νiL can be expressed as a combination of light and
heavy mass eigenstates,
νiL =
3∑
m=1
UimνLm +
6∑
m=4
VimN
c
Lm, (3)
where the mixing matrices U and V satisfy the unitary
condition UU † + V V † = I.
Due to the smallness of the light neutrino mass, the
left-right neutrino mixing parameters V 2iN ∼ MD/MN
are usually too tiny to produce sizable effects in various
physical processes. On the other hand, in many low-scale
Type-I seesaw scenarios (see examples, [13–31]), ViN can
be large and MN may be accessible in foreseeable exper-
iments. This provides an unique opportunity to test the
link between the origin of neutrino mass and the observed
matter-antimatter asymmetry via the leptogenesis (for a
review, see e.g. [32]).
As can be seen from Eq. 1, generating Majorana neu-
trino masses will at the same time lead to violation of
lepton number by ∆L = 2. The lepton-number-violation
(LNV) processes can serve as smoking gun to test the
mechanism of neutrino mass generation. One of the most
promising probes for Majorana neutrino is the neutri-
noless double beta decay (0νββ) [33, 34], which gives
a stringent bound on the mixing parameter VeN [35].
By fitting the electroweak precision observables, it pro-
duces the model-independent constraints on the mixings
VµN and VτN [36]. In addition, a variety of low en-
ergy processes with ∆L = 2 can also be used to probe
Majorana neutrinos (see example, [26]), such as decays
of τ , mesons (π, K, etc.) [37–40] and hyperons (Σ, Ξ,
etc.) [41, 42]. However, it should be mentioned that these
bounds are usually model dependent. For example, the
constraint from 0νββ measurement may be significantly
weakened due to the cancelation effects induced by the
Majorana phase [43]. Therefore, it is still essential to per-
form an independent direct search for heavy neutrinos at
colliders.
Heavy neutrinos with masses of the order of GeV-
electroweak scale can be directly produced at colliders
(for a review, see e.g. [29]). By searching for the process
e+e− → N(→ ℓW, νLiZ, νLiH)νLi , the LEP experi-
ment puts a 95% C.L. upper limit on the mixing param-
eter |VeN,µN |2 < O(10−5) in a heavy neutrino mass range
between 80 and 205 GeV [44]. Recently, the CMS col-
laboration has performed a search for heavy Majorana
neutrinos in trilepton and same-sign dilepton channels,
which currently give the stringent limits on |VeN,µN |2
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Figure 1. Normalized branching ratio of top rare decay t →
bl+l+qq¯′.
from O(10−5) to unity in the mass of N between 20 GeV
and 1600 GeV [45, 46]. Besides, the top quark decay
may provide an alternative way to test heavy Majorana
neutrinos [47, 48].
In this work, we will perform a detector level simula-
tion to study the potential of probing GeV-electroweak
scale heavy Majorana neutrino through the top quark
neutrinoless double beta deccay process t → bjjℓ+ℓ+
(see Fig. 1) at 13 TeV LHC and HL-LHC. As a phe-
nomenological study, we will parameterize the low-scale
Type-I seesaw as a single RH Majorana neutrino mass
scale MN and a single flavor light-heavy neutrino mixing
ViN . Such a framework allows us to remain agnostic of
the detailed UV-physics, yet still capture the feature of
low-scale Type-I seesaw.
SEARCH FOR 0νββ DECAY OF TOP QUARK
The effective interactions between Majorana neutrinos
and charged leptons in the mass eigenstates is given by,
L = − g
2
√
2
VijW
+
µ liγ
µ(1− γ5)N cj +H.c. (4)
In our study, we assume that the mixing effects in other
flavors ℓ′ 6= ℓ are sub-dominant. This will enables us to
derive generic bounds on the mixing parameter, which
can be translated or scaled appropriately in the context
of particular neutrino mass models. Besides, we will focus
on the semileptonic decay of the W boson, because it is
impossible to determine whether the leptonic channel is
induced by the Majorana neutrino.
In Fig. 1, we present the dependence of the normal-
ized branching ratio of the top rare decay channel t →
b l+l+qq¯′ on the Majorana neutrino mass mN , where the
effective mixing Cij ≡ |ViNVjN |2/
∑
k=e,µ,τ |VkN |2. From
Fig. 1, we can find that the normalized branching ratio
can be as large as 10−4 to 10−2 when mN < mW . With
the increase of mN , the branching ratio will decrease
rapidly due to the suppression of phase space. As such,
we will focus on the kinematical region of mN < mW in
the following study.
Next, we carry out the Monte Carlo simulation of our
signal process at the LHC,
pp→ tt¯→ 2b+ ℓ+ℓ+ + 4j (5)
where t→ bℓ+ℓ+jj and t¯→ bjj. The contribution of the
process pp→ tt¯→ 2b+ ℓ−ℓ−+4j is also included. Since
there are two same sign leptons (2SSLs) plus multi-jets
in our signal, the main SM backgrounds include:
• multiple prompt leptons: they mainly come
from events with two vector bosons, such as
W±W±+jets and tt¯W±. Besides, the processes of
WZ+jets and ZZ+jets can lead to 2SSLs, if one
or more of the leptons fail the reconstruction or
selection criteria.
• misidentified leptons: The fake leptons can be
misidentified hadrons that are from heavy-flavor
jets. These fake leptons are generally less isolated
than a prompt lepton from a W/Z boson decay.
The main contribution arises from tt¯ events.
• sign mismeasurement: The events that have two
opposite-sign leptons with jets could contaminate
our signal due to the mismeasured sign of leptons.
But the mismeasurement rate of the sign of an elec-
tron or muon is usually small, which will be not
considered in this analysis.
We generate the parton-level signal and background
events by using MadGraph5 aMC@NLO [49]. Within the
framework of CheckMATE2 [50], we then implement par-
ton showering and hadronization by Pythia-8.2 [51], while
the detector effects are simulated by tuned Delphes3 [52].
Jets-clustering is done by FastJet [53] with the anti-kt
algorithm [54]. In the simulation we assume a 70% b-
tagging efficiency. To include the higher order QCD cor-
rections, we normalize the leading order cross sections
of tt¯ and tt¯W± to their NNLO and NLO values, respec-
tively [55, 56].
In Fig. 2, we present the kinematical distributions of
the signal and SM background events at the 14 TeV LHC.
We can see that the backgrounds tt¯ and tt¯W± have less
events with same-sign same-flavor leptons than our signal
(top-left panel). Since there are no neutrinos in our signal
process, the missing transverse energy /ET of the signal
events are smaller than that of background events (top-
right panel). Besides, we note that the two same-sign
leptons in the signal events come from the decay of the
same top quark and hence tend to be closer. While two
leptons in the backgrounds arise from the decays of differ-
ent parent particles. Thus they separate from each other,
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Figure 2. Kinematical distributions of signal pp → ℓ±ℓ± +
2b + 4j and backgrounds tt¯, tt¯W± and W±W±+jets at 14
TeV LHC. The benchmark point is mN4 = mN5 = 15 GeV
and VℓN = VµN = 1.
which can be seen in the distribution of ∆Rℓℓ (lower-left
panel). Furthermore, the reconstruction of top quark
also plays an important role in discriminating the signal
from backgrounds. To do so, we present the cluster mass
mbjjℓℓ, in which the leading b jet and two soft jets are
used. This is because the jets from the top five-body de-
cay t → bℓ+ℓ+jj are averagely softer than those in the
top quark decay t → bjj. We can see that most of the
signal events distribute around mbjjℓℓ ∼ 200 GeV, which
can be used to suppressW±W±+jets background events.
According to the above discussions, we apply the fol-
lowing cuts to select the signal events in our analysis:
• Cut-1: We require a pair of same-sign leptons in the
final states. Each of leptons should satisfy pT (ℓ) >
10 GeV and |η| < 2.8.
• Cut-2: At least 6 jets with pT (j) > 15 GeV and
|η| < 3.0 in the final states are required.
• Cut-3: The missing transverse energy is required
to satisfy /ET < 25 GeV.
• Cut-4: We also require two lepton separation to be
0.4 < ∆Rℓℓ < 2.5, as well as the lepton-jet separa-
tion ∆Rℓj > 0.4 and jet-jet separation ∆Rjj > 0.4.
• Cut-5: We demand at least one b-jet with pT (b) >
20 GeV in the final states.
tt¯ tt¯W± WW+jets signal
Cut-1 8.83 2.90× 10−2 3.25 × 10−3 22.7
Cut-2 0.891 4.70× 10−3 1.88 × 10−4 6.48
Cut-3 0.128 3.95× 10−4 1.12 × 10−5 2.95
Cut-4 7.40× 10−2 2.39× 10−4 5.23 × 10−6 2.35
Cut-5 4.66× 10−2 1.66× 10−4 7.27 × 10−7 1.97
Cut-6 8.37× 10−3 2.28× 10−5 0 0.236
Table I. Cutflow of cross sections of the signal process
pp → ℓ±ℓ± + 2b + 4j and background processes pp →
tt¯, tt¯W±,WW+jets at the 14 TeV LHC. The cross sections
are in the unit of pb. The benchmark point is chosen as
mN4 = mN5 = 15 GeV and and VℓN = VµN = 1.
• Cut-6: We require the reconstructed invariant mass
mbjjℓℓ lie in the range of [mt − 30,mt + 30] GeV.
In Table I, we show the cutflow of cross sections of
the signal process pp→ ℓ±ℓ± + 2b+ 4j and background
processes pp→ tt¯, tt¯W±,WW+jets at the 14 TeV LHC.
It can be seen that the tt¯ process is the dominant back-
ground, which is followed by tt¯W± process. After im-
posing the requirement of same-sign leptons, the cross
section of tt¯ process is reduced to the same order as that
of signal process. Then, the small /ET < 25 GeV, large
jet multiplicity N(j) ≥ 6 and 0.4 < ∆R < 2.5 conditions
further suppress the cross sections of all backgrounds by
an order of O(102). In the end, the cluster mass cut will
remove the WW+jets background events and reduce the
tt¯W± background events to negligible level. Thus with
the above cuts, we expect we can have a promising sen-
sitivity of probing our parameter space because of very
few background events.
In our analysis, the signal significance (α) is evaluated
by the following Poisson formula,
α =
√
2L
[
(σS + σB) ln(1 +
σS
σB
)− σB
]
(6)
in which σS,B stands for the cross sections of signal and
background processes after our cuts, and L is the inte-
grated luminosity of the collider.
In Fig. 3, we calculate 2σ exclusion limits of the signal
process pp→ tt¯→ e±e±+2b+4j at the LHC and project
them on the plane of mN versus |VeN |2. To compare
our results with others, we also present the limits from
the search of neutrinoless double beta decay with the
GERDA experiment, the electroweak precision measure-
ments, LEP search for neutral heavy leptons produced
in Z decays, and LHC searches of same-sign leptons and
trileptons events. It can be seen that the heavy neutrino
with the mixing parameter 5× 10−6 < |VeN |2 < 9× 10−5
in the mass range of 15 GeV < mN < 80 GeV can be
excluded at 2σ level at 13 TeV LHC with the luminosity
of 36 fb−1. This result is more stringent than the LEP
bounds and the current CMS limits from the searches of
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Figure 3. The contour of 2σ exclusion limits from search
of signal events 2e±2b4j on the plane of mN versus |VeN |
2.
Other limits are also shown: the search of neutrinoless double
beta decay with the GERDA experiment [35], the electroweak
precision measurements [36], search for neutral heavy leptons
produced in Z decays at LEP [44], and searches of same-sign
leptons [46] and trileptons events [45] at the LHC.
Majorana neutrino in Drell-Yan and photon initial pro-
duction processes. Such a limit will be improved by a
factor of four when the luminosity is increased to 3000
fb−1. However, the strongest bound on |VeN |2 is still
from the GERDA search of neutrinoless double beta de-
cay, which can reach O(10−7) for the same mass range.
1 5 10 50 100 500
10-7
10-6
10-5
10-4
10-3
10-2
10-1
mN [GeV]
|V
N
2
CMS
13-D
ilep
CMS
13-T
rilep
DELPHI
EWPO
pp  ±±+2b+4j
[This work]
s =13TeV, L=36fb-1
s =14TeV, L=3ab-1
Figure 4. Same as Fig. 3, but for the signal process pp →
2µ± + 2b+ 4j.
In Fig. 4, we show the 2σ exclusion limits of the signal
process pp→ µ±µ± +2b+4j on the plane of mN versus
|VµN |2. Similar to the above results of the same-sign elec-
trons final states in Fig 3, the heavy-light neutrino mix-
ing parameter 6× 10−6 < |VµN |2 < 8× 10−5 in the mass
range of 15 GeV < mN < 80 GeV can be excluded at 2σ
level by searching for the signal events µ±µ± + 2b + 4j
at 13 TeV LHC with the luminosity of 36 fb−1, which
is stronger than other existing collider bounds. These
bounds will be further improved to 1.4× 10−6 at future
HE-LHC. Unlike extracting the mixing VeN in 0νββ de-
cay of 76Ge, there is no such low energy precision exper-
iments to test the mixing VµN . Therefore, we can expect
that searching for 0νββ decay of top quark at the LHC
will provide a new better way to probe the mixing VµN
for a GeV scale-EW scale heavy neutrino.
Finally, we comment on the systematic uncertain-
ties. The main systematic uncertainty is related to the
misidentified-lepton backgrounds. By combining other
sources, we estimate a systematic uncertainty of 10-20%
at the LHC. Due to the large S/B, we expect that in-
cluding such a systematic uncertainty will not change our
conclusions. On the other hand, the accurate determina-
tion of the systematic uncertainties due to the pile-up
effect of the HL-LHC is beyond the scope of this paper.
The corresponding result in this paper must be revisited
with the real performance of the upgraded ATLAS and
CMS detectors at the HL-LHC.
CONCLUSIONS
Many low-energy seesaw models predict the heavy neu-
trinos with masses of the order of GeV-electroweak scale,
which can be directly produced at colliders. Indepen-
dent direct search for heavy neutrinos is an essential task
in the LHC experiment. In this paper, we propose to
probe the RH Majorana neutrino in Type-I low-energy
seesaw through the top quark decay process t→ bℓ+ℓ+jj′
at the LHC. Due to the distinctive signature of same-
sign leptons, the SM backgrounds can be suppressed to
a negligible level with the relevant cuts. As a result,
we found that the heavy-light neutrino mixing param-
eters |VeN |2 and |VµN |2 can be probed to an order of
O(10−6) in the mass range of 15 GeV < mN < 80 GeV
at the 13 TeV LHC with the luminosity of 36 fb−1, which
are more stringent than other existing collider bounds on
those mixings. Such bounds will be further improved to
1.4× 10−6 at future HE-LHC.
ACKNOWLEDGMENTS
This work is supported by the National Natural Sci-
ence Foundation of China (NNSFC) under grant Nos.
11847208, 11875179, 11805161, 1705093, as well as
Jiangsu Specially Appointed Professor Program.
5∗ corresponding author:ningliu@njnu.edu.cn
† corresponding author:zgsi@sdu.edu.cn
‡ corresponding author:leiwu@njnu.edu.cn
§ corresponding author:zhouhang@njnu.edu.cn
¶ corresponding author:zhubin@mail.nankai.edu.cn
[1] M. Tanabashi et al. [Particle Data Group], Phys. Rev. D
98, no. 3, 030001 (2018).
[2] P. Minkowski, Phys. Lett. B 67, 421 (1977).
[3] T. Yanagida, Proceedings of the Workshop on Unified
Theory and the Baryon Number of the Universe, ed. O.
Sawada and A. Sugamoto (Tsukuba 1979).
[4] R.N. Mohapatra and G. Senjanovic´, Phys. Rev. Lett. 44,
912 (1980).
[5] J. Schechter and J.W.F. Valle, Phys. Rev. D 22, 2227
(1980).
[6] S. Weinberg, Phys. Rev. Lett. 43, 1566 (1979).
[7] M. Magg and C. Wetterich, Phys. Lett. B 94, 61 (1980).
[8] T.P. Cheng and L.F. Li, Phys. Rev. D 22, 2860 (1980).
[9] G. Lazarides, Q. Shafi, and C. Wetterich, Nucl. Phys. B
181, 287 (1981).
[10] R.N. Mohapatra and G. Senjanovic´, Phys. Rev. D 23,
165 (1981).
[11] R. Foot, H. Lew, X.G. He, and G.C. Joshi, Z. Phys. C
44, 441 (1989).
[12] E. Ma, Phys. Rev. Lett. 81, 1171 (1998).
[13] T. Asaka, S. Blanchet and M. Shaposhnikov, Phys. Lett.
B 631, 151 (2005)
[14] T. Asaka and M. Shaposhnikov, Phys. Lett. B 620, 17
(2005)
[15] T. Asaka, M. Laine and M. Shaposhnikov, JHEP 0701,
091 (2007) Erratum: [JHEP 1502, 028 (2015)]
[16] T. Asaka, M. Shaposhnikov and A. Kusenko, Phys. Lett.
B 638, 401 (2006)
[17] A. de Gouvea, J. Jenkins and N. Vasudevan, Phys. Rev.
D 75, 013003 (2007)
[18] B. Bajc, M. Nemevsek and G. Senjanovic, Phys. Rev. D
76, 055011 (2007)
[19] A. de Gouvea, arXiv:0706.1732 [hep-ph].
[20] J. Kersten and A. Y. Smirnov, Phys. Rev. D
76, 073005 (2007) doi:10.1103/PhysRevD.76.073005
[arXiv:0705.3221 [hep-ph]].
[21] Z. z. Xing, Prog. Theor. Phys. Suppl. 180, 112 (2009)
doi:10.1143/PTPS.180.112 [arXiv:0905.3903 [hep-ph]].
[22] X. G. He, S. Oh, J. Tandean and C. C. Wen, Phys. Rev.
D 80, 073012 (2009) doi:10.1103/PhysRevD.80.073012
[arXiv:0907.1607 [hep-ph]].
[23] A. Ibarra, E. Molinaro and S. T. Petcov, JHEP 1009, 108
(2010) doi:10.1007/JHEP09(2010)108 [arXiv:1007.2378
[hep-ph]].
[24] A. Ibarra, E. Molinaro and S. T. Petcov, Phys. Rev.
D 84, 013005 (2011) doi:10.1103/PhysRevD.84.013005
[arXiv:1103.6217 [hep-ph]].
[25] T. Han and B. Zhang, Phys. Rev. Lett. 97, 171804 (2006)
[26] A. Atre, T. Han, S. Pascoli and B. Zhang, JHEP 0905,
030 (2009)
[27] R. Adhikari and A. Raychaudhuri, Phys. Rev. D
84, 033002 (2011) doi:10.1103/PhysRevD.84.033002
[arXiv:1004.5111 [hep-ph]].
[28] S. M. Boucenna, S. Morisi and J. W. F. Valle,
Adv. High Energy Phys. 2014, 831598 (2014)
doi:10.1155/2014/831598 [arXiv:1404.3751 [hep-ph]].
[29] F. F. Deppisch, P. S. Bhupal Dev and A. Pilaftsis, New
J. Phys. 17, no. 7, 075019 (2015)
[30] H. Zhou and P. H. Gu, Nucl. Phys. B 927, 184 (2018)
doi:10.1016/j.nuclphysb.2017.12.016 [arXiv:1708.04207
[hep-ph]].
[31] P. H. Gu and H. J. He, Phys. Rev. D 99,
no. 1, 015025 (2019) doi:10.1103/PhysRevD.99.015025
[arXiv:1808.09377 [hep-ph]].
[32] S. Davidson, E. Nardi and Y. Nir, Phys. Rept.
466, 105 (2008) doi:10.1016/j.physrep.2008.06.002
[arXiv:0802.2962 [hep-ph]].
[33] W. H. Furry, Phys. Rev. 56, 1184 (1939).
[34] M. Doi, T. Kotani and E. Takasugi, Prog. Theor. Phys.
Suppl. 83, 1 (1985).
[35] M. Agostini et al. [GERDA Collaboration],
Phys. Rev. Lett. 120, no. 13, 132503 (2018)
doi:10.1103/PhysRevLett.120.132503 [arXiv:1803.11100
[nucl-ex]].
[36] F. del Aguila, J. de Blas and M. Perez-Victoria, Phys.
Rev. D 78, 013010 (2008)
[37] J. N. Ng and A. N. Kamal, Phys. Rev. D 18, 3412 (1978).
[38] J. Abad, J. G. Esteve and A. F. Pacheco, Phys. Rev. D
30, 1488 (1984).
[39] C. Dib, V. Gribanov, S. Kovalenko and I. Schmidt, Phys.
Lett. B 493, 82 (2000)
[40] A. Ali, A. V. Borisov and N. B. Zamorin, Eur. Phys. J.
C 21, 123 (2001)
[41] L. S. Littenberg and R. E. Shrock, Phys. Rev. D 46, R892
(1992).
[42] C. Barbero, G. Lopez Castro and A. Mariano, Phys. Lett.
B 566, 98 (2003)
[43] J. C. Helo, M. Hirsch, T. Ota and F. A. Pereira
dos Santos, JHEP 1505, 092 (2015)
doi:10.1007/JHEP05(2015)092 [arXiv:1502.05188 [hep-
ph]].
[44] P. Abreu et al. [DELPHI Collaboration], Z. Phys. C 74,
57 (1997) Erratum: [Z. Phys. C 75, 580 (1997)].
[45] A. M. Sirunyan et al. [CMS Collaboration],
Phys. Rev. Lett. 120, no. 22, 221801 (2018)
doi:10.1103/PhysRevLett.120.221801 [arXiv:1802.02965
[hep-ex]].
[46] A. M. Sirunyan et al. [CMS Collaboration], JHEP 1901,
122 (2019)
[47] S. Bar-Shalom, N. G. Deshpande, G. Eilam, J. Jiang
and A. Soni, Phys. Lett. B 643, 342 (2006)
doi:10.1016/j.physletb.2006.10.060 [hep-ph/0608309].
[48] Z. Si and K. Wang, Phys. Rev. D 79, 014034 (2009)
[49] J. Alwall et al., JHEP 1407, 079 (2014)
[50] D. Dercks, N. Desai, J. S. Kim, K. Rolbiecki, J. Tattersall
and T. Weber, Comput. Phys. Commun. 221, 383 (2017)
[51] T. Sjostrand, S. Mrenna and P. Z. Skands, JHEP 0605,
026 (2006).
[52] J. de Favereau et al. [DELPHES 3 Collaboration], JHEP
1402, 057 (2014)
[53] M. Cacciari, G. P. Salam and G. Soyez, Eur. Phys. J. C
72, 1896 (2012).
[54] M. Cacciari, G. P. Salam and G. Soyez, JHEP 0804, 063
(2008).
[55] M. Czakon and A. Mitov, Comput. Phys. Commun. 185,
2930 (2014)
[56] S. Frixione, V. Hirschi, D. Pagani, H.-
S. Shao and M. Zaro, JHEP 1506, 184 (2015)
doi:10.1007/JHEP06(2015)184 [arXiv:1504.03446 [hep-
ph]].
